Advances in computing power and new computational techniques have changed the way researchers approach biology, medicine, and indeed all of science. In biomedicine, one of the most fruitful approaches has been to use software tools and knowledge resources known as ontologies-machineprocessable descriptions of scientific domains-that can promote the integration of disparate data sources. We have shown that such resources can enable data aggregation, improve search, and allow the detection of new associations that were previously not detectable. It is now possible to demonstrate computationally correlations among genes, diseases, treatments, and outcomes, to use these correlations to efficiently direct research into potentially fruitful areas, and to translate the insights from this research to the practice of medicine. Achieving these integrative analyses requires software systems that take advantage of the semantics of these areas and that can intelligently negotiate domains and knowledge sources, identifying commonality across systems that use different and conflicting vocabularies, while understanding apparent differences that may be concealed by the use of superficially similar terms.
The National Center for Biomedical Ontology (NCBO) is now in its seventh year. The goals of this National Center for Biomedical Computing are to create and maintain a repository of biomedical ontologies and terminologies; to build tools and Web services to enable the use of ontologies and terminologies in clinical and translational research; to educate our trainees and the scientific community broadly about biomedical ontology and ontology-based technology and best practices; and to collaborate with a variety of groups who develop and use ontologies and terminologies in biomedicine. The centerpiece of the NCBO is a Web-based resource known as BioPortal. BioPortal makes available for research in computationally useful forms more than 270 of the world's biomedical ontologies and terminologies, and supports a wide range of Web services that enable investigators to use the ontologies to annotate and retrieve data, to generate value sets and special-purpose lexicons, and to perform advanced analytics on a wide range of biomedical data.
1. We create and maintain a repository of biomedical ontologies and terminologies. 2. We build tools and Web services to enable the use of ontologies and terminologies. 3. We educate our trainees and the scientific community broadly about biomedical ontology and about NCBO technology. 4. We collaborate with a variety of groups who develop and use ontologies and terminologies in biomedicine.
OUTPUTS OF THE CENTER
The outputs of our center can be best described in terms of the overall objectives of our work.
Repository of biomedical ontologies
The NCBO's BioPortal provides access to more than 270 biomedical ontologies and controlled terminologies. 4, 5 Users come to the BioPortal Web site to browse biomedical ontologies and to search for specific ontologies that have terms that are relevant for their work. A cancer biologist may learn from BioPortal that the Gene Ontology offers the best coverage for annotating her experimental data with terms related to cell division, or that she can access more precise terms in the National Cancer Institute (NCI) Thesaurus. She may discover that the Mouse Adult Gross Anatomy Ontology can be used to describe the body parts from which her experimental specimens were obtained, or that the National Drug File-Reference Terminology (NDFRT) provides valuable information about the properties of the drugs used in her experiments.
BioPortal enables users to navigate ontologies using a standard tree browser. Users also can visualize resources in BioPortal using special tools that offer cognitive support for understanding the complexities of large ontologies (Figure 1 ).
When users need to understand the relationships between terms in two different ontologies, BioPortal provides mappings between the ontologies to enable direct comparisons. The mappings can inform the user that the term lung in the Mouse Adult Gross Anatomy Ontology is related to the term lung in the Foundational Model of (human) Anatomy or that the term limb in the NCI Thesaurus is related to the term extremity in the Mouse Adult Gross Anatomy Ontology. The mappings between ontologies in BioPortal not only allow users to compare the use of related terms in different ontologies, but also allow analysis of how whole ontologies compare with one another. They allow us to identify ontologies that cluster together 6 and to identify the degrees of overlap among ontologies. 7 Like the UMLS metathesaurus, 8 the mappings in BioPortal facilitate automated translation of terms among ontologies, but entail much more content. The mappings in BioPortal form the basis for what we refer to as the NCBO mega-thesaurus.
BioPortal is much more than an ontology repository, however. We have created the system as the nexus of an online community of ontology developers and ontology users who use BioPortal to view, to comment on, and to discuss the content of biomedical ontologies (Figure 2 ). Registered users of BioPortal not only can upload new ontology content, but also mark up their content (or that of any other user) with highly granular comments about any ontology. 9 Users can indicate where they believe ontologies may reflect inappropriate modeling decisions, and other users can respond to those comments in threaded discussions that the entire BioPortal community can monitor. These threaded conversations allow BioPortal to behave very much like a wiki for making annotations to ontology content, and they enable new users to locate regions of BioPortal's ontologies where modeling decisions have been particularly controversial and ontology developers to identify elements of their work that may benefit from refactoring in future versions of their ontologies. They also allow users to identify those groups of resources, such as are maintained by the Open Biological and Biomedical Ontologies (OBO) Foundry initiative, 10 that have been subjected to a process of external review designed to ensure compliance with an evolving set of best practice principles. The visualization window on the right facilitates exploration of complex relationships-here, the pathway between the selected term (Lambert Eaton Myesthenic Syndrome) and its superclasses in the hierarchy. The menu bar above the visualization window allows the user to change the view to examine the details of the selected term, end-user notes regarding the term or its descendants, mappings between the term and related terms in other ontologies, or links between the selected term and the data sources referenced in the NCBO Resource Index.
BioPortal allows users themselves to post overarching reviews of the system's ontologies-and to post online very specific proposals for changes that ontology developers might want to consider in future revisions. BioPortal thus adopts Web 2.0 conventions to allow its users to communicate with one another about the NCBO's hosted ontologies in a highly interactive manner. The outcome of these capabilities is that BioPortal offers the equivalent of online, open, community-based peer review for the BioPortal ontology content. 9 We are developing BioPortal so that computer-based ontology-development tools can access all its content programmatically-including the mappings between ontology terms and the notes about the ontology content contributed by members of the user community. Thus, users of the Web-based version of the Protégé ontology editor 11 can view BioPortal content directly from within the Protégé browser window, copy terms and other content from existing ontologies into new ontologies, review the notes and comments about previous versions of ontologies uploaded to BioPortal by their users, and act on those notes as they develop new versions. This integration of ontology authoring with community-based access to ontologies through BioPortal has been particularly important to groups developing large ontologies in an open, distributed fashion. For example, the World Health Organization is now using NCBO technology routinely in its global effort to develop the next edition of the International Classification of Diseases (ICD-11).
Tools and Web services
In addition to providing a comprehensive library of biomedical ontologies and terminologies, the NCBO develops tools and services that use those ontologies to aid biomedical investigators in their work. Although these tools are all available through a Web-browser interface, most users access our software programmatically via Web services.
NCBO Annotator. Perhaps the most widely used tool created by the NCBO is one that maps arbitrary keywords and natural-language text to standardized ontological terms. The NCBO Annotator thus takes as input some specified text and generates as output a set of terms derived from BioPortal-stored ontologies, such that the terms refer to concepts that the NCBO Annotator identifies in the text. 13 It provides a mechanism to determine what the text is "about" in terms of standardized, ontological entities. The structure of the ontologies in BioPortal permits the NCBO Annotator to associate the text not only with particular terms (e.g., adenocarcinoma of the lung from the NCI Thesaurus), but also with more general terms (e.g., neoplasm). As a result, users are offered an extremely rich set of descriptors for the corresponding text, at different levels of granularity and generality. 
NCBO Resource Index.
A common use of the NCBO Annotator is to ascribe ontological terms to the textual metadata that are associated with experimental data sets. The NCBO automatically runs the Annotator on a large collection of online data sets, linking the textual metadata associated with those data to all relevant ontological terms in BioPortal. The result is an enormous database of all the terms (and abstractions of those terms) that relate to the textual metadata (or text descriptions) found in a growing set of online data resources (such as the microarray data sets in the Gene Expression Omnibus or the individual protein descriptions in UniProt). We refer to this database as the NCBO Resource Index.
14 A Web-based interface allows investigators to search the Index, using terms in BioPortal-stored ontologies to locate relevant data sets from online repositories (Figure 3) . The Index offers the biomedical community a common interface for information retrieval, linking the dozens of ontologies in BioPortal to dozens of biomedical data resources. Thus, if an investigator is interested in learning what experimental data might have been archived online in public repositories that might be relevant to a particular term or set of terms, she can use the Index to search for the relevant data. The NCBO development team is linking new online data resources to the Resource Index on an ongoing basis. Figure, the user has entered a particularly vague term-rash, as used in MedDRA. The system uses the Resource Index and the underlying ontological structure in which the term appears to allow the user to locate some 18 images in the American Roentgen Ray Society's GoldMiner repository of radiographs; 20 microarray datasets in the Gene Expression Omnibus; 28 records in Online Mendelian Inheritance in Man; and so on. Each of the associated data sets refers to patients with some kind of rash. Clicking on a particular resource description in the user interface allows the user to navigate to the actual data records that have been indexed.
NCBO Ontology Recommender Service. Investigators often are unsure which of the dozens of ontologies in BioPortal provide the best coverage for capturing the entities in a particular application area. The NCBO Ontology Recommender Service 15 takes as input representative textual data relevant to a domain of interest and returns as output an ordered list of ontologies available in BioPortal the terms of which would be most appropriate for annotating the corresponding text.
NCBO Lexicon
Builder. Users frequently turn to the terms of biomedical ontologies to create the value sets that constitute the basis of "pick lists" that allow users to make selections from menus when filling in computer-based forms. The NCBO Lexicon Builder 16 also allows users to obtain more manageable subsets of large ontologies that are amenable to particular analyses, and to combine portions of different ontologies to create specialized collections of terms. The latter functionality is of particular interest to members of the natural-language processing community, who often need hand-crafted lexicons to drive named-entity recognition in particular domains.
Web widgets. Many NCBO services are called automatically through small collections of HTML program code that our Center makes available to Web developers who wish to take advantage of our offerings. Developers can embed these "widgets" in their code so that their Web pages can immediately access BioPortal ontologies, value sets, mappings, and other resources.
Detailed information for developers who wish to access and employ NCBO tools, services, and widgets is available on a wiki maintained by the Center.
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Education and outreach A full-time NCBO outreach coordinator has multifaceted responsibilities that include serving as a liaison to collaborating projects, shepherding new collaborations, and presenting NCBO technology to the scientific community. Our outreach coordinator hosts a very well attended, biweekly "Webinar" series, in which members of the NCBO and the larger biomedical ontology community discuss their research; video recordings of past Webinars are archived on the NCBO Web site.
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The NCBO has an active dissemination program of custom-tailored workshops and tutorials. The Center is also a major sponsor of the International Conference on Biomedical Ontology (ICBO).
COLLABORATIVE PROJECTS
The NCBO's tools and services are designed for use in support of the informatics activities of biomedical researchers. As a result, our collaborators tend to be well versed in biomedical informatics and understand the power that ontologies can offer their work in data annotation and indexing, natural language processing, data mining, and decision support.
The NCBO has supported a series of Driving Biological Projects that have provided important use cases for the NCBO Annotator (e.g., in the annotation of rat genome data 19 ) and for the NCBO Resource Index (e.g., to enable retrieval of information about therapeutic nanoparticles 20 ). The use of ontology-driven analytics has allowed collaborators to interpret high-throughput data in novel ways, 21, 22 making both methodological and biological contributions. Other collaborators have used the rich content availability in BioPortal as a starting point for quality assurance of ontologies 23 and for further enrichment of biomedical ontologies by processing text from electronic health records. 24 Finally, our collaborations have led to the development of a burgeoning number of new ontologies for use by the biomedical community. 10, 12, 25, 26 The vast majority of biomedical investigators who take advantage of NCBO technology are not explicit collaborators, however. Most of the Center's users simply browse the BioPortal Web site or invoke NCBO Web services as a routine element of their investigative work. Currently, some 16,000 users browse ontologies via BioPortal each month. During the same period of time, NCBO servers respond to more than 3-million programmatic Web-service requests. It is extremely gratifying to the members of the Center that the NCBO apparently has become an indispensible technology resource for such a large community of biomedical scientists, and that the vast majority of these users have come to take the Center's services for granted.
FUTURE GOALS
A major initiative of the NCBO in the coming years will concentrate on ensuring the scalability of our technology. As BioPortal acquires increasing numbers of ontologies (with increasing numbers of inter-ontology mappings and end-user notes), as more and more biomedical data resources are linked to the NCBO Resource Index, and as the number of users who access our technology via Web browsers or via Web services continues to grow, the NCBO must be able to accommodate the corresponding demand. Much of the Center's activity concerns ensuring a robust infrastructure for its technology, accommodating more content, more users, and more demands in as seamless a manner as possible.
The scientific work of the Center will focus on support for the management of the complete ontology life cycle, allowing users of ontology-development systems (such as Protégé, 11 OBO-Edit, 27 and LexWiki 28 ) to integrate with BioPortal. The authors of ontologies will be able to publish their work directly in BioPortal, and to take advantage of end-user notes when revising their ontologies in subsequent versions. 29 We will merge the processes of ontology authoring and ontology dissemination, and investigate whether the open peer-review process offered by BioPortal can lead to improvements in biomedical ontologies and to enhanced adoption of the resultant ontologies by the community.
Other work will concentrate on new uses of the ontologies in BioPortal in the interpretation of highthroughput experimental data. 30 We also are optimistic that the ontology-oriented techniques that we are developing will enable investigators to analyze data from electronic patient records in novel ways. 31 More information about the NCBO is available from the Center's Web site. 
